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ABSTRACT 

Bxlxmvt te^ oT the 193 m laser daiasgb bebayior kilned sOica has beoi {Kdwined qvw ti» past ^yeors by 
severM lewaretes. The xst^ have shown that coiupacticHi and raiefecfitm / estpansion of the material can occur. The 
actually obaisrveiS ptweis d^ouis on the stodl^d foKd slUga tjfo, the used energy density, and laser pulse number &t 
constant pulse lei^b. In ord^to check Ibe influence of the <£ISsr<mt lasa paiametei; in more detail, an exp»iitteii^ set 
up has bewicoastnicted that aiteira to jmyestigata not only the influence of ftc energy density and laser pulse number 
but also the effect of fl» integrated square iralssTOdthonftB laser dam^ behavifir. An Optical delay line is us^ to 
create a longet loeegrated pke widai Suui the latural laser pdse Mddth. To aalEB these testa lelevant to the 
nddoUtfaogniphy cQmmntdtr, (he hdsgraled enetgy deis»i« choseo fiw libeietaata apanihemg^ ^Ically found in the 
prcfjectiqa optks of a 193 nin wdnar laser-based mfeoHtwgtaphy twjL TI» Saanples are axpofled to sevoal bilHons of 
pulses ?rilh wavethxit measuteonimlB made pegdodioalfy. 

Keywordsj nthognphy/Sstamw,^^ 



1. JNTRODUCnON 

During tiie last several yeais. strong hnptovespents of the qnaliiy of fcsed sifiea have bew realized msMiigtMB mateni^ 
more suitable for *e use in 193 nm micioUlhography. Qn^of dK mi^orconcenJsrelatedtoflieusaoffhsed sihcaw 
damage that the material suffers durh>g exposure to 193 nm radiation. Upon exposure it can physicaUy and optically 
compact (compaction or densficatimO and it can physically andoptically expand (de-compaction or rarrfkcttm) , 
Compaction results in an increase offhe oplM indexrfrefecdonandina shoitentog of the geometacal ler^th rfto 
sample in the irradiated area. As the hrfhifiws oftbe index change is mu^ 

overall eflfect is one of retarded waveftont. RBnsfiiofionjsjwtfhe oppoaite w. resultmgratnaaSl^ 
waveftont Because the changes in sample dhasnsinns are srodlihs laser kduqedw I-Jft' 
ffldto8araplelengfhLisai)pt05dfflatsiythe8ame8sfi»h^ Jnthispaper,wewiIlmaksno 
^bBtwsenthenDrmsOizedwVefioatdhangeandtehid^ 

n» acttHlly bbservedprocess and hiparticute it* absohJte amount depend onlhe smdi^ fiBedsilica materkl as weU as 
^SWr^densityandiSSlaserpul^^. 

re&^on as a fimctioa of the abOTemeBtkmedjatanietets aieon flis w» hand anportantto fijAnr niptw «« flaed 
Silica material and onthe other hand needed to efiecti^ design. niiKkpiB^^ Jte^^^usd.to 
iSSal93nmlithographictocI«epulsedlasers.wift,^ 
pulse length of the lasers has no^beconfcamfeWehi!^^^ 

4elasemanufecturers.Asaconsequence.lhBMiien^ ■ 
sto^ 
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lUs paper discuss^ a test of the effect of eoeigjr densil^ aadimlse length on die laser induced chains of die optical 
indexofiefi»ctioai^fi]sed silica i]i(igK:d}iy 19^ DBiimMm. AmcMvM 1» provided tiatpiedicts the changes as 
a finuiidop of enagy density and piQ8e d«3lSo& 



2. TESTSEtW 



2,1. Laser GonfiguratiioB 

The laser used for Ittis experiment vtte i Cym Nanoli* 70QO {NL7000), A stondard prpductitm Nt7000 ]mr is qted 
at S roJ,4000Hz,75%diitycycle, TSie laser used for tWs last was iiSi^bly m 

Gxst&fis and to ran at 4(00 Bs. IQ0% duly eycle. Tte modtacadons included «bn nmovat of cnctenia! pianeig, tl» use of 
adiStioial Ssta, and the use of oome prototype niodnleg to lielp diit^ipwto extaa heat ^emated iiy Ifae Idgii didy cycle 
opeiation enid iif^ eneqiies, 

The laser oa% w{s built with partial reflector of 30% on both ends, providing broadband radiation (see Figure 1). 
Apertures on both ends of the cavity were 




2.6(w)xl2.5(ll)tnm, 
estimatsd at 0,5 m fiom 
raeasvicenionts of o&w ArF brodbBod 
systems, Radiation \s produced ftom bo& 
Olds of tiie cavity through tiie 30% 
te&BiAm, The radiation from the M end 
of the cavity travsls through a two-ptistn 
anamorpWc beam expander (expanding the 
width 4k) and is than routed with mirrors to 
ti» opticiil table. This beam is referred to as 
the nou-Btretclied beam, The radiation fi^m 
the right side of the cavity gora thrwgh a 
Sfsqond anEimoiphicbeame^nder (4ic), thcoui^an 
optical pvlse stretcher, nod then on to fiie opticid 
teble, parallel to SaaoBrstTBhaiodbwiti, Thlfiboam 
from tiie right sideof (he cavity. is isfeoedto as Ae 
stretched beanii 

The optical pulse stretcher is a re-imaguig time 
deUiy loop consisting of a beam splitter and four 
concave mifroi^cfeating 8 confocal resonator. The 
delay is 22 nsec and the overall siBcienoy is 
approximately 85-90%. Typical stretphedandnon- 
Ktretcbed t^onil |»offles ate diown in Figure 2. 

Figure 3 -Typical Normaibied hdns Shape 
2.2. T^Nnflgaration 

The experiment was run on a 12 x 4 &ot optical table covered with a custom aluminum enclosure with glass windows. 
The enclosutc is purged with nitrogen and oxygen levels arc measured and raaintdned below 10 ppm, 

BoOi stietched and non-^ttotchod brams enter fte table and are individually rotated with mirrors giving a beam size 
of 6inm high x 13 nnn wide, The polariaation of each beam is rotated vrith % wave plates and then expanded 
horizfflntaliy wiflia pair of prians to produce 6 mm x 22 nun beuns. Each stretched and non-stn^d b^mis then ^Ut 
into 3 parallel beams to illuminate three sets of ajn^les. The oj^cs ate designed to pass the non-stostched beams 
parallel to. and IQ som above, &a corresponding ste^d beam (see Figure 3). 
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the ttusfff of each stretehed and nsufcstr^ckd bem cm te tomm wMi i«ir own souMer-iiBtaiag ftote attanBtara. 
The iem m flKn spa and attaiafesd witti % paraUel pfete attanaton to mm fear IxatDS each otn ii Ae emg^ 
d«»ayof1i»piswo«s(»e»B&5o2J Ej^^ Hq^^jbeanupselfateii^anapei^ 
a elm apd 9 qinarU i4 «awqpiBtvto ii^^ 
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Quartz 1/4^ Stacked ^ 
(3) 



Figure 3 ' pptici T«liIeX<ay«Htf 
Eadi of thfl thwe beam Ui»s mamiffltes 6 BBluples In serita, aajile paw. Tte aaiH)fflB an nujuiited on translafitia «te@es, 
aueh Alt they Cfltt be wvedin and OBt (patpcndictaflrlo) Ihebeams. BahM eadi of Ihe Snt fiw janipkadtt eaoh beam 
line is an additional a|ert»». oflfte sameiwimeliy m (he fint, ^bich ctaana 15 the ''T'^*'!!^^ nf"S.. nf 

liie beatn padi dorii^ (he ittsimin^^ 



2,3. Exposure Protocol 

The ^ples measured 60 tnra wide x 30 nun high x 1 00 mm 
long. The samples weis exposed through flie lOO mmlength. 
Each Eawple was exposed wtfli fflgHt beams, two rows of four 
beams each (see Figure 4). The firar top beams were ftom tte 
Don'Stretohed Bide oftiw laser and Hie finir bottom beams weie 
fhHnthesbBtdied. l8(*beaiadBUvBi»di4jBHmch pulse 
energy as the previous, so tort noniinal enra^y densM^^ 
50, 25 and 13 pJ/cro? were achieved wi flie same sample at tie 
same time, 

With six samples illuminated in sedes, thePresnrireflecfioiB " 
of each surfaw reite the energy daisity on eachdoTirostt^ 
saa^le. To reduce the build up of teflectiCBB in fl)B:!aa^«*, 
te iiBtalltd between eadi sainple to cleaa up the 




F^e4-: 



indfSaaiple. 



beam and block most of d» reflections fiom san^ finsftfit down ^am, 
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2.4, IiKitiiMein>la0r 

Several parameteis were meaaoed during tbeexposme of the saniples* At loug^y iS-niinute ItrfaTViib ft» pul$e ^po, 
puise coimt3,mdSie 02 leyd fifliseiido^ The t^l^]QI)a pulse i^npM of the fti^^ 

stietched beams were mmuied usii^ HamainstBainajiimpI^ The ptdsesbpes were recffided vdlh as 
psciUosci^e arid tb^g CDi)qiiiiie4 with BLi,bVwF08)^ 

The kser (^mnbsr required fl gas lefin evBiy^ay. iBe^ V!A f^^aiihi^lU»aw!tmi^ 
perfoimed. this fou&ie consisted of meBssritig tls pom and qpatia! distittnition of the beams ioeiaent sa and 
transmitted through mh sample. A Moti^iKin pom heitd uid a 14-bit j^gmojseti UV ooidsd OCD cannn weie 
mounted on an X-Y stage. Ttie stage positioned tte power meter end oanuta befoiv or40ereach«nnpl«^ wxldi^if s 
way ftem &e last sample to the first. 

Due to the limited ^erture of the power meter, it cmild sot CBptnre sU dgjht beams of a sample. Instead, it was 
positioned to capture the 6 hi^st energy b^ims. The caneia was lihen posldoned to take three images, eaeh one 
capturing 4 beams, such that nH beams were imaged (the middle Ibur beams wace iroa^ t«vlee). 



2.5. Exsitu Metrology 

A Zygo 633 lun iiderferometer ms used to measure the effect of the radiation ontfae samples jsv«y 2.5 binicn pukes. 
The ItttetjEbroineter was momited on a floating optics table and enclosed in an atumimimcovK. The setups dedicaiBd 
(0 this test ar^d changed or modified bi^een meesimHnente. 

The sample wore Md on a My ootometed stage that aQowed Ibr iemote positlonkig of the samples to record the fiont 
siii^ce, ba!^ Bar&ce W the transmitted wavefiontpamllel to tbeexposMie volmne mthe aamplffi!. Foitrimagss were 
t»\sa of e80h9nrfiic& and hi^ttansmission, as well fsm mfemHs Imssea vrith the sample moved out of tibe Md of 
view. 



3. Data Anailyds 



11. Ipterferometjry 

The final waveflsmts iSfew created l?y avetaging tte fcar transmission measurements, and then subttai^ng the average of 
the four referencBmeasuroments, Forthe wavsr&tmtmisasurcd at any given pulse count (i.e. 5 billion), the 0 pulse 
wavefront wiffi then subtmcted. Tlieasro ieiiasnce subJmclion became important to remove tlie m^jor waveiront 
curvatare inherent in Ac sample. Figms 5 shows a typioa! interfoiogram, taken after ] 0 billion pulses of exposure. The 
eompaeled areas {negaave wavefiont defecO m he clearly scm. The opper row coisesponds to beams 1,, 2, and 3 (left - 
light), and the lower row coinapoiKls to beams 5, 6, and 7 (Icft^ right). One-4imei?Bion8l slices thnwigh the compacted 
areas are shown in RgDie €. 

The background noise level of the interferogiHms limits the accuracy with which tiie defect amplitudes can be judged, 
the efTficts of noise can be isdiwed by applying a 'spot-meter' spadal filter which is desigi^d to match ilie geometry of 
the oon^acted spo^ wMle rejecting noise components, This filter consists of a oiroular region with a diameter 0.75 
times the e>^osing beam diameter, surrounded by a concentric anoulus with an inner diameter 1,5 times tts beam 
diameter and outer (Hameter 2.5 times the beam diametw {m Figjire 7). For eacli point die filter is centered on, the 
spoli-metQr reading for Umt point is equal to the average of the vdwss within the central spot miniB the average of die 
values contained in the anmJus. Tl» effect is to average the ampfitnde within the cenbal region while peiftrnang a 
localized Mt» subtraction, fio^ piston awl lQ«tl tilt in the wavetot are effecttvely removed. A oinvlar top-hat' 
strupitnre (like ti» compaction spot) is pt^ 
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FigQre S - Typical intesferogram aftsr 10 B shots, 6 
ei^sure rc^iians shown (injage in nanometers). 



Figure 6 - Croiw-Bectba of T^jure 5 aloi® 
cms hairs 



A 'qio^metered' vsa-^on of fl» mteifeiqgrani is shown to Kguw 8. For 
every point on the original interferogram, the spot-meter value has bom 
computed, The eflfectivetioss of the spot filtar in reducing nc^ » apparent 
Whereas in the oriflinaHnterferogram it is difficalt to pidcouttbe 
compBctioti defects fer beams 3 and 7 (rij^it hand side), flwy can be dearly 
seen in the filtered version, Slices throui^i Ae compacted aieffl are dxnra in 
FiguiB 9. The height of the compactioii spotistakentohe ABinostpositivB 
or negative spot-meter value in the ^dnity of &e spot Cidftaliy^ fliiB opart 
when the filter is centered on the conqjactiqn spoi^. 



Illsitnination Csknlations 



0 



Figure 7 -^ot meter design. 



The CCDcameniimages of the incident radiation were proc<^ed for each s^^^^ 

the enta^v density for each exposure spot. The three images from each sample wwe strtched together and scaleo 
SS »LSte image we tognited and the power «adu^ 




Figure 8 - Spot meter fflterfid Liiterfe«)E>™a« of FIjiure 5 
finuMse in nanometewl' 



Fl^in S - Craas-seKtioK of FSgiire 8 alomg 
cross iBsir. 
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tbe iiDBge into wer^ imaty (mJ/cm^. 



4. ItesnMs anil Model 

The results obtained in the» «xpeRmeni!i &m diSbfNit of fiisBd siHca cbii extilb^ a w4e nmss lof 
characteristics. Dc^oniiKng on the maMd anl aiqilled laser taietgy density, eidier coitq^on tn-Farefitction an 

observett. 

Tlic results for sample #1, shown in Figure ID, represent a fused silica formulation wijete compaction is the major 
contributor to ind^ ciiange. Exposures done with energy densities as low as 0.01 Iml/cmi^ lead to a positive eisage in 




Do8e(kJ/cm*2) 

yifftn 10 - MMunred nfhicttve index change for two loser poise dwra^ns and 
severni difTennt enci^ densities. 

reftiitc^ve ind^K. PiibQ^pd tasMis for lannpaction ibllow ttio Jbrm'; 

3tt= 



in^ffiT^ ^Risthe]'ttdex(^nge^kl^$fll11{M!e|rialdlepelldcm I ]gfl» energy doisjiy 

(mlW) of a single poise, and t|, is tlic lidegral sjiwro pidfie v/idtti (ns) Mned V: 



tfioniitBntiNi 

** ~ |r*(t)dt ' 

'wltere T(t) is the laser pulse shape in tuu. liadMistally, tiib It^ constaml; is written oiudaide ila pamtena, but we liave 
diosen to place it inside so diat it vrifl. haw aennltle untts. 
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This coinpeodoii tasM pedicts dmt 1l)eii)eMi»ed index ctogc viteiiffi^ofied to diSiRxlii^^ and 
pdse dmatkm will Mow a single mve pldtled against ., Fi|pB!9 11 shows ths data for sai^ple #1 re-plottea 
wtbtiu x«a»s 3p|S(^atcly i!u>dt£B^ 11» data points ii9w.«afWl<n«vingleliwi^^ of energy densi^ or^se 




(d/cm«2)*2/hs 

Figure 11 -MesMiMdrefracflve tatet ehasBe simpte#l pWted iciiiiMt j^^j . 




. „ , <«X) fioa ■ 1000 

Dose (fc)/cm*2) 

Fifi«« 12 ■ MeMitfed wfrwilye into clia^ 

PmaofSPlEmBMO ie« 



ill tilis sample, evra as Ugh. as 0.044 vSled, Si^ie&ai^ hutex dasgge was n^vn, 

FigsK 13 shows the data for ssi^ple n ploasd ¥iidi ^-^^ ^ k-«^> Cloatly this inatoisl does not ftt libs puw 
conputiontnodel. 
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(J/CflTA2)A2/iis 

Vlsara 13 •Mrawreddata for nmpte#2 plottcil against . 

tt» proposed ntodel fbr ratefiaction has a li^r dependence on energy density and no dqpeodisnoe on pulse dumtjoA^ 
Based oa eaHier studies, the index change with exposire in the mrefaction model is blown to fltitutate as aiiinction <3f 
ppbe sundbecaad energy density, This isisfk^cm model can be wntten as shown below: 



3n=inJl-e °« 



where An^ !s tlie fully saturated index otenge and Do is the e-ft»lding dose (br the raiefaotionelfect. 

As one can see in tho nwasared rasults fbrsanple #2, thaie in sdll g«ne dependence on pulse duration. We infer ftom 
this result that (ho reftpctive indoi change is oot {miely nu^cHon, hut contains some compaction e£63cts. The positive 
index dj«^ fitan cotipotlon ootnpuiBBtes part of the negative index chnnge induced by rarefeotien. Since compaction 
ismduced wi& a lon^ir pulse dutation, an increase in the tottii negative index chai^ is observed due to less balancing. 

An example of a material wi^ & balance between lareiaction and compaction is sampte li/Si wHh its nuasuied rpsnlts 
shown in Figure 14. Most notable u tb tiMesiired indsx change when exposed at O.OSTml/ciD?' witii a tn, pidse dmation 
of 18.2nB. Under these conditioffii the Indsx cbangoboveiKainitind lO^•9«9A1l»an accu^mIated4osaof 870kJ/om^<>r 
e()uivaieIltly lObillionpulses. 
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IFI^nre 14 - Meajnired i^raetlve Index dWDge for lanpk irith * |^od bdiuce 



The results described sbcwjWioatB *at a pemHned 

materials. Coihbiniitg&e cottpetiannidiw^utioainodels gives the^i^ 



In some cases the e-fblding dose is w> iiBge thut the ia«feotmp«t»n ofSMt dmw>^^ better a with a siirpfe ^ 
linearfunotion. Sample #3 B<«e wA case. AltoB|WatfittJt«toth6aq)on«^ 

valm for the saturated M« ehargewid to e-fcWiis Viihie. The wmWwition^of 4e two vdfl* atiUted to f««silj 
initial sl(^e/butiBsteadTO€lioo«toip>dd wt&Bsihipte W 

t]ie«oinp^Qii model: 



yrfierc ^ is flis initial slope for the ffliefecdoB index diMge. 

We intend to continue exposins these sati^fcstmtll 40 MHonpid^^ ^^'H'^iTinA^ 

f^xpwuIe8, expert that «n sKi^ilee will have ejdabheds^ rajefiicttoai component of Kflacova index 
cAanBe Slid tbw we wia be Able to £t an SBiiQ^ 
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FMng file pammeteiE of these candnned mod^ to tihe nwasund dnta fer^each of the jangles giws tfae fitllowitig 

results; 

^lOML SmSkM SanrolB#3* 
Aa^Cle-?) -23.4 -78.4 

J0fl(lcJten5 «168 279 

Itiitial slope ]e.9-(W/qia^-' -0.0038 -0,28 -^,11 

\cin ns^ 

b^udtless) 0.53 Ul 0.60 

* Sample ^ was fit to fbe libeiir inejiaclion mode]. 



To d^n$tmte|l«8ppui«csro.f j^^ IS GlnwatfasmmBund index change ftirsaniple #3 plotted 

against tiie index chBi^ preific^tiy the nndd. The close qiproxfmal^Qn to a atn^ line 
especially fort)!)th posidvo and ni^tiyB lafiaatiye Imkc chaiiigB values, dejnooatmtsa the oiodei'a ebility to pndict 
measured peiftananot!. 
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ngara IS « Sjeatter plot comparing mmm^ data tor lample #3 against modd 
predlctliint. 
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An intemtii® nsidt ooons tf we fix tibe b piiailiBter to iJie vatne of 0.$ often quoted ia prior vwnkunanqncdoa in 
fiuednlicaeiqjoBedtoMghenet^ Fiaang b vdna is iapatim ftg !"aWt^ it WfflTiingfiil xynppsm^w 

betneen Ibe Ita wlaes^ of diffiHcnt setnpleBbecBiiK mitfn (te«es inb lead to lai^ cbtm|es in . mjlie b value 
fbced, filing wsote bwoniK 



Do(kJ/cin^ 

Mtial slope le-9-{id/cmV 



(cni*i)s] 



-77.8 
273 
-0,28 



' Sacafis ^ was fitto the linear rareftctlon model. 



*i»TI»:be8t fit JteUw satwatvd iwJpx fiff satnple #1 undw 
Ifaefie CQttdidoQS Is zBcOt Hmibm is bo fr-&ld dow value. 



With the b paramBtBr fixed, the 1^ vahies fiar all ihtce sattf les become nearly ihe same, difTering Only 2,4% Oun^ an 
average vdue. We infcr fiom ihis fitUng resnh tfiat all three saiqilM have neady flie same con^iacaon cliaiwtMisiics 
and it is the cKfferenoe ijiiweSwiion behavior th4 lead to flie difffeieat wfiadive index ctan^ found la *eae 
expedujeEita. 



5. Conclnsions 

Rjesdis of an experiment have been presented m which the parameters laser energy density, number of laser pulses, and 
pulse duration on the laser Isdnced waveftont change m fiised silica based on fe raodificaticm of the optical md« of 
refraction have been studied. Depending on the fused alica type dUfoent waveftont changes have been ofasecved. Based 
M these resglts a combmedmodel is developed flat takes into aGoouatiarafectiOT andcon^jaclion effects aiwi allows to 
wedict flw wvefront behavior. Madditim, &e effect of the pulse duration on laser ittdaced wavefeont deviations has 
bUn studied and talttointoacoaiiwtro 
effects in £v8edsfliBa. 
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